Nano-inside-micro: Disease-responsive microgels with encapsulated nanoparticles for intracellular drug delivery to the deep lung.
It is well appreciated that delivery of therapeutic agents through the pulmonary route could provide significant improvement in patient compliance and reduce systemic toxicity for a variety of diseases. Many inhalable drug formulations suffer from low respirable fractions, rapid clearance by alveolar macrophages, target non-specificity, and difficulty in combining aerodynamic properties with efficient cellular uptake. To overcome these challenges, we developed an enzyme-responsive, nanoparticle-in-microgel delivery system. This system is designed to provide optimal aerodynamic carrier size for deep lung delivery, improved residence time of carriers in the lungs by avoiding rapid clearance by macrophages, and reduction of side effects and toxicity by releasing encapsulated therapeutics in response to disease-specific stimuli. This unique carrier system is fabricated using a new Michael addition during (water-in-oil) emulsion (MADE) method, especially suitable for biologic drugs due to its gentle fabrication conditions. The resulting microgels have a highly porous internal structure and an optimal aerodynamic diameter for effective deep lung delivery. They also exhibit triggered release of various nanoparticles and biologics in the presence of physiological levels of enzyme. In addition, the nanoparticle-carrying microgels showed little uptake by macrophages, indicating potential for increased lung residence time and minimal clearance by alveolar macrophages. Collectively, this system introduces a rationally designed, disease-specific, multi-tiered delivery system for use as an improved pulmonary carrier for biologic drugs.